There is a general need to facilitate citizens' understanding of the global sustainability problem with the dual purpose of raising their awareness of the seriousness of the problem and helping them get closer to understanding the complexity of the solutions. Here, the design and application of the participatory simulation game Global Sustainability Crossroads is described, based on a global state-of-the-art energy-economy-environment model, which creates a virtual scenario where the participants are confronted with the design of climate mitigation strategies as well as the social, economic, and environmental consequences of decisions. The novelty of the game rests on the global scope and the representation of the drivers of anthropogenic emissions within the MEDEAS-World model, combined with a participatory simulation group dynamic flexible enough to be adapted to a diversity of contexts and participants. The performance of 13 game workshops with~420 players has shown it has a significant pedagogical potential: the game is able to generate discussions on crucial topics which are usually outside the public realm such as the relationship between economic growth and sustainability, the role of technology, how human desires are limited by biophysical constraints or the possibility of climate tipping points.
Introduction
The ongoing sustainability crisis is a very complex problem which requires urgent and radical control measures globally [1] [2] [3] [4] [5] . By accelerating biodiversity loss, increased alteration in such natural cycles as carbon (climate change), nitrogen, or phosphorus, intensifying the degradation of ecosystems, etc., human societies are degrading the natural life-support systems and processes upon which we depend to sustain our own existence. Earth tipping points, which refer to a critical threshold at which a tiny perturbation can qualitatively alter the state or development of a component of the Earth's system, may be trespassed in the next few deaces, implying large-scale impacts (dangerous, even catastrophic) for human and ecological systems [6] . Consequently, we are risking the continuity of our societies as we know them [3, [7] [8] [9] .
The transition to sustainability is thus a challenge that is global and political in nature. Moreover, no country has been found to meet basic needs for its citizens at a globally sustainable level of resource use [10] . Hence, we as members of most human societies, and especially those from the global North, have a responsibility and duty to change our behavior and values so that we can cover our needs and desires while not overusing natural resources or degrading the environment and biosphere processes irreversibly (on a human life time scale). Hence, to be effective, policy sustainability measures will require the active cooperation of the population from very different socio-economic contexts and regions to modify their individual patterns of consumption, as well as to comply and collaborate with the political measures promoted by political institutions. There is, therefore, a need to facilitate citizens' understanding of the sustainability conundrum, with the dual purpose of raising their awareness of the seriousness of the problem and, at the same time, helping them get closer to understanding the complexity of the solutions. Education of future generations in these concepts is also key for achieving future sustainable pathways [11] .
The comprehension of the sustainability conundrum is challenged by the fact that human societies and biosphere form complex systems which are "dynamic, tightly coupled, governed by feedback, nonlinear, self-organizing, adaptive, and evolving", while "our mental models tend to be static and narrow" in time, space, and affected interconnections [12] . In fact, mental models of complex systems may be biased by wrong information, but also by non-explicit factors such as ignorance, vested interests, judgmental errors, and biases. Hence, mental models are likely to incorrectly represent the dynamics of the human/nature interface [12] [13] [14] . These simplistic models can be described as "cognitive illusions" which hinder the correct understanding of such dynamics. The limitations to understanding complex systems hinder in turn our capability to propose effective policy measures for the sustainability crisis [13, [15] [16] [17] [18] . In fact, previous research has shown that not only pupils of all ages, but also their teachers hold many misconceptions and misunderstandings concerning these issues [19] .
After four decades of international environmental policy and governance following the first Earth summit held in Stockholm in 1972 [20] , intensified over the last 20 years (Earth Summit in Rio de Janeiro in 1992 [21] , the United Nations Framework Convention on Climate Change [22] , the Convention on Biological Diversity [23], the Sustainable Development Goals [24] , etc.), human societies are today increasingly degrading the environment [4, 5, 25] . Hence, unsustainability trends have not been reversed (increasing levels of energy consumption and greenhouse gas (GHG) emissions, forest and biodiversity loss, etc.), which reveals that the main drivers of unsustainability are still not being addressed. The ineffectiveness of current environmental policies has been associated with a focus on "symptoms", revealing "a widespread failure of systems thinking" [12] .
On the other hand, researchers have indicated the disadvantages of traditional science teaching, namely that students' interest and willingness to study science is likely to be diminished when their learning is decontextualized and requires mainly rote memorization. As a result, students are not prepared with the knowledge and abilities needed for the 21st century such as critical thinking and problem-solving abilities. To address this problem, learning by playing digital games in the context of participatory simulations has been advocated as a promising approach to implementing science education [26, 27] . In particular, computational advances support the modelling and study of complex scientific phenomena, making it possible to study events with complex causes and outcomes [18, 28] .
Gamification is the application of game-design elements and game principles to non-game contexts with the objective of advancing outcomes in understanding and behavior of the participants. Active participation in the process and additional motivation are some of these advantages that facilitate learning in comparison to more conventional methods. Participants feel that they own and control their learning, are free to fail and try again without negative repercussions: the players make their own decisions and see the impacts of these decisions. Games allow for envisioning and seeing the consequences of actions at different points in time, delivering experiences that tap into a range of human emotions, from fear and aggression to joy and wonder. Hence, gamification allows work to be done on the attitudes, knowledge and values that are promoted in development education, awareness raising and education for global citizenship. However, the usefulness of this approach should be assessed in a per case basis; gamification may not be effective for every learner or every learning situation [29] [30] [31] [32] [33] [34] .
In the last few decades, a diversity of games focusing on sustainability have been designed and successfully applied with the purpose of facilitating the understanding of such environmental issues as water conservation, climate change, and pollution, on different scales (local vs regional vs global) varying greatly in format, technical sophistication and scientific accuracy [34, 35] . This work describes the participatory simulation game Global Sustainability Crossroads, which represents an advancement with relation to already existing games through its global scope and dynamic modelling of the drivers of anthropogenic emissions, which are embedded in a dynamic participatory simulation flexible enough to be adapted to a diversity of contexts. The game is based on the MEDEAS-World model, which is a state-of-the-art global, one-region energy-economy-environment model (or integrated assessment model) designed applying System Dynamics [36] . This methodology has proved to be particularly well adapted to properly understand and address the multiple and interlinked factors involved in the sustainability crisis and avoid "policy resistance", i.e., the tendency for an intervention to be defeated by the system's response to the intervention itself [12] [13] [14] 37] . The MEDEAS-World model considers numerous connections between the economic, energetic, and environmental systems, linking the biophysical constraints (availability of materials, land and net energy; climate change impacts, etc.) with the economic system.
Although, in the real world, policies are implemented at local/national level, environmental constraints are global. Thus, any policy towards sustainability must take into account the popular ecologist axiom "think global, act local" in order to be effective. Thus, the objective of both the model and the game presented in this paper is to provide orientation towards strategic planning rather than to provide precise and detailed policy recommendations. What are the feasible/unfeasible strategies to successfully achieve the transition towards an energy sustainable system? What are the ethical dilemmas of this transition? What are the implications of taking different alternative routes being proposed in the scientific-political realms, such as Green Growth (e.g., [38, 39] ) or Degrowth (e.g., [40] )? The developed game allows other relevant objectives to be fulfilled, such as contributing to closing the gap between scientific research and civil society (i.e., scientific dissemination), as well as familiarizing the general public with deliberative participatory methods.
The objectives of the paper are to describe the game dynamics of Global Sustainability Crossroads and to qualitatively evaluate its pedagogical potential in three dimensions: to communicate the roots and seriousness of the sustainability crisis and frame potential solutions, to bridge the gap between science and society and to contribute to bring to public discussion the social choices to be taken under uncertainty in the next few decades.
The text is structured as follows: Section 2 describes the developed participatory game, including a brief overview of the model upon which the game is based, Section 3 reports the main insights gained after the performance of the game in terms of pedagogical capacity, and Section 4 concludes.
Methodology
This section covers the methodological background and novelty of the developed participatory simulation game Global Sustainability Crossroads, as well as it describes the game dynamic and the graphical interface.
Methodological Background and Novelty
Games with sustainable development themes have developed steadily in the academic world over approximately the last fifteen years and gamification has become progressively widespread since it first appeared [34, 35] . In relation to model-based simulation games focusing on sustainability, climate mitigation and the transition to renewable energies, the field was opened in the 1980s, and has been increasing ever since. Some relevant examples are:
• STRATEGEM: computer-assisted game based on the World3 simulation model [41] [42] [43] , with the difference that STRATEGEM only represents one region (i.e., includes trade) and covers a time span of 60 years [44] [45] [46] ;
• FISHBANKS: The original version was created in 1986. Multiplayer simulation game in which participants play the role of fishermen and seek to maximize their net worth as they compete against other players and deal with variations in fish stocks and their catch [47] ; • LA Water Game: Educational simulation game that teaches the management of aging water infrastructures in the city of Los Angeles (USA) [48] ; • World Climate: This game provides an interactive role-play experience through which participants take on the roles of delegates to the UN climate negotiations and are challenged to create an agreement that meets international climate goals. Their decisions are entered in the C-ROADS model, which provides immediate feedback about expected global climate impacts, enabling them to learn about climate change while experiencing the social dynamics of negotiations [49, 50] (Lucas et al., [51] propose a similar game although without applying a model); • World Energy: A climate and energy role-playing negotiation game that promotes understanding of the causes of World Climate Change and the factors that could mitigate it using the EN-ROADS model as a basis. The main objective of the game is to reach agreement between the different parties to limit climate change and ensure that the global average temperature rise in the year 2100 is less than 2 0 C [52].
Global Sustainability Crossroads represents an advancement with relation to already existing games through its global scope and dynamic modelling of the drivers of anthropogenic emissions, which are embedded in a dynamic participatory simulation. The game is based on the MEDEAS-World model (see Appendix A), which is a state-of-the-art one-region integrated assessment model originally developed to provide policy-guidance within the UE through the homonymous project (https://www.medeas.eu/). The model has been designed applying System Dynamics [36] , which has proved to be a methodology particularly well adapted to properly understand and address the multiple and interlinked factors involved in the sustainability crisis and avoid "policy resistance" [12] [13] [14] 37] . The model considers numerous connections between the economic, energetic and environmental systems which allows a simplified representation of the complexity of the energy-economy-climate system relationships. Identifying the human-natural system as a complex system, the modelling strategy focuses rather on the interactions (feedback) between the components of the system rather than the detail of the components themselves. The standard global model [36] was complemented with some features to improve the range of features in the game, such as the possibility that 5 different climate tipping points may be surpassed; each simulation equates to "rolling the dice" (probabilities derived from [53] ).
The game has been designed to include all three sustainability's triple-bottom line dimensions: economic, social and environmental dimension [35] , as well as following Chen and Martin's [54] criteria to enhance the pedagogical capacity of environmental education: (1) it is aimed at change and not just knowledge attainment, (2) reveals behavior patterns in a real-world context, (3) highlights both internal and external influences on current environmental behavior, and (4) includes an interactive problem-solving approach that demands a solution.
The developed flexible dynamic which can be adapted in a case per case basis by the facilitators of the sessions allows a broad target public, from non-experts to experts and policy-makers, starting from high school.
Description of the "Global Sustainability Crossroads" Game
The game has two main phases: (1) simulation, and (2) assembly, debriefing and conclusions (see Figure 1 ). The game unfolds as follows: Group constitution: A secretary and spokesperson are chosen per group, with the roles of noting the agreements and choices made, and reporting to the Assembly, respectively. One facilitator is assigned by group to guide the game dynamics, run the game interface as well as to solve the eventual technical and conceptual questions which may arise during the game.
Selection of hypotheses: Hypotheses refer to assumptions which are subject to uncertainty and frame the context in which the human decisions will have to be taken in the future. Differently from the policy target measures, these are factors which cannot be affected by human decisions. Thus, once set up by each group, hypotheses cannot be modified during the game. The participants are allowed to decide over two hypotheses: the availability of non-renewable energy resources (oil, gas, coal, and uranium) and climate change damages. To help the participants select the options, the scientific stateof-the-art for both topics is briefly overviewed [36, 55] . For the sake of simplicity and considering time constraints, other hypotheses are usually kept fixed, although in modified versions of the game these could also be incorporated (e.g., techno-sustainable potential of renewable energies, climate sensitivity, etc.). The Supplementary Material includes the form filled in this step (FORM1-HYP).
Projection of current trends: The game invites the participants, by teams, to project current trends into the future (i.e., in technical argot, to develop their Business-As-Usual, BAU, scenario). With the assistance of a facilitator per group, they can select future trends for social, political, technological and economic variables in 12 dimensions belonging to different areas (economy, population, energy technologies, technological improvement, transportation, mineral recycling, etc.).
Visualization and analysis of BAU results
Visualization and analysis of alternative policies scenario
Test new combination of measures
Re-assess objectives? The game unfolds as follows: Group constitution: A secretary and spokesperson are chosen per group, with the roles of noting the agreements and choices made, and reporting to the Assembly, respectively. One facilitator is assigned by group to guide the game dynamics, run the game interface as well as to solve the eventual technical and conceptual questions which may arise during the game.
Selection of hypotheses: Hypotheses refer to assumptions which are subject to uncertainty and frame the context in which the human decisions will have to be taken in the future. Differently from the policy target measures, these are factors which cannot be affected by human decisions. Thus, once set up by each group, hypotheses cannot be modified during the game. The participants are allowed to decide over two hypotheses: the availability of non-renewable energy resources (oil, gas, coal, and uranium) and climate change damages. To help the participants select the options, the scientific state-of-the-art for both topics is briefly overviewed [36, 55] . For the sake of simplicity and considering time constraints, other hypotheses are usually kept fixed, although in modified versions of the game these could also be incorporated (e.g., techno-sustainable potential of renewable energies, climate sensitivity, etc.). The Supplementary Material includes the form filled in this step (FORM1-HYP).
Projection of current trends: The game invites the participants, by teams, to project current trends into the future (i.e., in technical argot, to develop their Business-As-Usual, BAU, scenario). With the assistance of a facilitator per group, they can select future trends for social, political, technological and economic variables in 12 dimensions belonging to different areas (economy, population, energy technologies, technological improvement, transportation, mineral recycling, etc.). The choices taken for each option by the group are marked by the secretary in forms printed on paper. In order to select a consistent set of choices, it is important that the participants envision which "plot" (narrative or storyline in the language of Global Environmental Assessments [56] ) broadly corresponds to the future they envision. The Supplementary Material includes the form filled in this step (FORM2-BAU).
Visualization and analysis of BAU results: The choices selected by the team are introduced in the game interface in order to run the corresponding simulation. The main outcomes are presented to the players by the facilitator which clarifies the eventual raised points. This phase allows the participants to understand the main drivers and dynamics behind unsustainable trends which are the base upon with starting to develop alternative pathways.
Selection of desired objectives: In the light of the obtained social and environmental outcomes in the mid-21st Century, each team has to come up with at least two objectives in terms of welfare and environmental sustainability, although the participants are free to enlarge the list of objectives as the game unfolds. This vision corresponds with the concept of "doughnuts economics" [10, 57] : just as there are planetary boundaries beyond which lies environmental degradation dangerous for humanity, so too there are social boundaries below which lie resource deprivations that endanger human well-being. The combination of the inner limits of social boundaries and the outer limits of planetary boundaries creates a sustainable space within which all humanity can prosper by pursuing a range of possible sustainable pathways [57] . Hence, the participants are implicitly asked to find a combination of alternative options which would lead all humanity along the safe and just sustainable pathway. The Supplementary Material includes the form filled in this step (FORM3-OBJ).
Development of alternative policy scenario(s):
To achieve the desired objectives, players have to develop a consistent alternative narrative making choices for the same 12 social, political, technological, and economic dimensions as in the BAU phase. After a discussion oriented towards reaching consensus within the group, the simulation program shows the results of its decisions. If, in a first attempt, the initial objectives are not reached, the participants can try a new combination of measures (this process iterates until time ends or the objectives are reached). The self-stated objectives may be reconsidered during play. An example scenario pre-configured covering global "basic needs" (>30 GJ/person/year) without reaching dangerous climate change (<1.5 • C) during the timeframe of the analysis was prepared by the developer team in order to be shown to those groups not able to attain their self-stated objectives. The Supplementary Material includes the form filled in this step (FORM4-ALT).
Assembly, debriefing, and conclusions: Group work is followed by an assembly and debriefing where all groups are gathered in the same room, and the spokesperson from each team succinctly presents to the rest of the participants how the game developed for his/her team, which results have been obtained, their reaction and opinion, comments, etc. After the overviews of each group spokesperson', a general discussion (~20-30 min) assisted by the facilitators is set up in order to lead to the take-aways and general conclusions obtained from game playing.
With relation to the desired objectives, global average temperature increase was selected as the reference environmental indicator in the game due to the importance of climate change as a "core" planetary boundary and the absence of other planetary boundaries such as biodiversity loss or disruptions of nitrogen and phosphorus cycles in the applied model [4] . The evaluation of welfare in the simulated scenarios is complicated by the fact that well-being is a very complex concept composed of many dimensions which are not explicitly represented in the MEDEAS-World model (e.g., health, education, system of governance, and equality). As a result, an alternative approach, focused on the relationship between energy and development, had to be taken instead. In fact, an adequate energy supply has been identified as a key prerequisite for economic, cultural and social development in complex societies [58] [59] [60] . The review of the literature shows that there is a strong correlation between energy use and living standards at low energy use levels in industrial societies. However, after surpassing a threshold, higher consumption of energy does not distinctly translate into better living standards [61] . Due to these reasons, the final energy use per capita is considered in the game as a proxy of well-being (see Table 1 ). However, the fact that well-being has a strong cultural component has also to be considered. Mentioning the current final energy use per capita at global average level (~55 GJ/year/person, i.e.,~15,250 kWh) allows the topic of global inequality to be introduced into the game. 
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The final energy to cover "basic needs" (adequate nourishment, electricity, water supply, sanitation and non-slum housing in urban areas) [64] . This also roughly corresponds to a 0.7 < HDI < 0.8
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Eco-village Sieben Linden (Germany) [65] The horizon of the analysis is set in the mid-century (2050-80) for two main reasons. Firstly, scientific assessments are pointing to the fact that, by then, decarbonization of the global socio-economy should have progressed substantially (<80% GHG emissions with relation to 1990 following the EU Energy Roadmap [66] or IPCC recommendations [2] ), so the measures to avoid dangerous climate change should start promptly. Secondly, from a technology development point of view, new technologies require some decades to evolve from R&D projects to commercial large-scale deployment. This makes it reasonable to consider just current demonstrated technologies.
The game is non-competitive, i.e., the different groups do not compete against each other to obtain the "best" outcomes. This is due to 3 main reasons: (1) each group builds its own BAU, thus the alternative scenarios are not directly comparable, since they aim to correct a different "future"; (2) given the incommensurability of the different dimensions of the sustainability transition (environment, economic, social), an optimum cannot be obtained with the modelling tool; and (3) finally, the authors of the game believe that a shift from the current paradigm based on competition to cooperation will be an indispensable ingredient to achieve sustainable, prosperous and equitable societies in the future. Thus, we believe that the game should be consistent with this view, given that most commercial games are already competitive (as a reflection of current societal values).
Depending on the number of participants, available time and number of facilitators, three versions of the game have been implemented to date: (1) by groups-1 session (~maximum 6-8 participants per group and facilitator), (2) assembly-1 session when the ratio of participants per facilitator is significantly higher, and (3) by groups-several sessions, the latter including reports to be delivered between the sessions to justify the choices taken. The main operative difference between the first 2 versions consists in the way decisions are taken in each case: per group by consensus (although a vote may be forced by the facilitator to unblock the situation), or by vote with the help of printed cards in the assembly version. The third version is substantially more time intensive for the participants and, to date, has been applied experimentally in a subject in an Engineering Faculty (see Table A1 ).An additional option would be the individual game, which has been performed internally by the members of the research group developing the game (see Discussion, Section 3).
Description of the "Global Sustainability Crossroads" Graphical Interface
The Global Sustainability Crossroads game interface has been developed using the Sable Version 5.1.507 (DEV) (UNICODE) (www.ventanasystems.co.uk) software, which allows the direct use of the systems dynamic models developed with Vensim software. Through a navigation system between screens, it is possible to access the different options for the selection of hypotheses and scenario variables, as well as the simulation results graphs.
The first two screens allow the players to select the different options implemented for each one of the hypotheses and the specific policy sectoral targets (see Figure 2 ). Choices can be closed or open, some policies allowing both the value of the variable involved, such as the year of beginning of the policy, or the achievement of the selected objective to be customized. For some options, such as the renewable energy technologies growth or the future recycling rate of materials, it is possible to indicate the rate individually for each renewable technology or minerals, respectively. After selecting all the options, the facilitators proceed to the simulation of the scenario (it is also possible to choose the final year of the simulation), after which a file with the chosen name will be generated and it is possible to proceed to the results' screens. At this point, it is also possible to load previously saved simulations.
In the results' screens, the first screen shows the level of attainment of the self-stated objectives over time.
The rest of the windows (which can be accessed through the navigation buttons at any time), present different variables of the model that are relevant for understanding the dynamics of the simulated scenario and the reasons for having (or not) reached the objectives:
• Transition to renewables: generation of renewable energy, extraction of non-renewable energies, share of renewables in the energy mix, remaining potential of renewable energy sources.
• Climate dynamics: GHG emissions, CO2 equivalent (CO2e) concentrations, temperature change, eventual occurrence of climate tipping points.
• Implications: Land requirements for renewables, share of blue water use vs accessible runoff water, gross domestic product per capita (GDPpc), mineral availability, energy return on energy investment (EROI) of the system, total final energy intensity, physical energy intensity.
• Feedback and limits to growth: Annual energy losses due to climate change impacts, variation in energy requirements to compensate for EROI variation, final energy availability, GDPpc (Figure 3 ). After selecting all the options, the facilitators proceed to the simulation of the scenario (it is also possible to choose the final year of the simulation), after which a file with the chosen name will be generated and it is possible to proceed to the results' screens. At this point, it is also possible to load previously saved simulations.
•
Climate dynamics: GHG emissions, CO2 equivalent (CO2e) concentrations, temperature change, eventual occurrence of climate tipping points. • Implications: Land requirements for renewables, share of blue water use vs accessible runoff water, gross domestic product per capita (GDPpc), mineral availability, energy return on energy investment (EROI) of the system, total final energy intensity, physical energy intensity.
Feedback and limits to growth: Annual energy losses due to climate change impacts, variation in energy requirements to compensate for EROI variation, final energy availability, GDPpc (Figure 3 ).
At any time, it is possible to go back to the options selection screen to see the selected options, simulate a new run or load previously configurated simulations. At any time, it is possible to go back to the options selection screen to see the selected options, simulate a new run or load previously configurated simulations.
Discussion of Insights from Game Performance
The Global Sustainability Crossroads game was first played in September 2017 and up to December 2018 a total of 13 sessions with ~420 participants have been performed in a diversity of contexts with heterogeneous types of participants in terms of nationalities, age, expertise, etc. Players included experts, informed activists, students, and general public of all ages (see Table A1 and Figure 4 ). Successive workshops and feedback received from participants have allowed to achieve a robust, comprehensive and attractive game for a diversity of players. Also, different variants from the standard main version were developed in order to account for a diversity of contexts and constraints such as time availability. This section qualitatively evaluates the performance of the game in the light of the experience of the workshop sessions carried out to date. 
The Global Sustainability Crossroads game was first played in September 2017 and up to December 2018 a total of 13 sessions with~420 participants have been performed in a diversity of contexts with heterogeneous types of participants in terms of nationalities, age, expertise, etc. Players included experts, informed activists, students, and general public of all ages (see Table A1 and Figure 4 ). Successive workshops and feedback received from participants have allowed to achieve a robust, comprehensive and attractive game for a diversity of players. Also, different variants from the standard main version were developed in order to account for a diversity of contexts and constraints such as time availability. This section qualitatively evaluates the performance of the game in the light of the experience of the workshop sessions carried out to date.
Pedagogical Capacity
As it is well-known, knowledge alone cannot influence the protection of the environment [67] . Global Sustainability Crossroads succeeds in creating a virtual plot where the participants are confronted with the responsibility of finding solutions and designing strategies, as well as with the social, economic, and environmental consequences of their decisions. Hence, players getting into the game experience a deep motivation to solve the problems, stimulating a genuine need to understand the roots of the issues at stake. Simulations allow participants to alter parameters to observe how the system changes at the macro-level (interactions, trade-offs, non-linear effects). The visualizations integrated in the game interface promote inquiry learning.
This section focuses on the pedagogical capacity of the game, qualitatively assessed through the performance of the game sessions, in three dimensions: the understanding of the drivers and consequences of the global sustainability crisis, the capacity to bridge the gap between science and society, and the ability to promote public discussions on the social choices to be taken under uncertainty in the next few decades. 

Understanding the Global Sustainability Crisis and Framing Potential Solutions
The game allows the players to learn which are the main drivers and consequences of the global sustainability crisis, as well as obtain insights related with the necessary transition such as:
•
The importance of the challenge that climate change represents to human societies over the next decades/centuries.
The identification of economic growth as the main current driver of environmental degradation.
The fact that climate change and fossil fuel depletion are interrelated issues: energy transition to be performed in a context of declining availability and quality of fossil fuel resources.
The need of a global fast transition to renewable energy systems.
The (negative) implications of the transition to renewables: (1) hindering of the EROI of the system, i.e., reducing the net energy delivered to society, and (2) intensification of the competition for other natural resources (land, materials, etc.).
The assessment that technological changes are necessary, but not sufficient, and must therefore be complemented by significant behavioral, cultural and social changes.
The existence of trade-offs in the transition to sustainability due to the incommensurability of the different dimensions it is made up of: environmental (e.g., climate mitigation, land-use, and water), economic (monetary investments, welfare, etc.), social (e.g., inequality). Hence, the transition to sustainability will require ethical and even philosophical choices.
The difficulty of policy-making in a context of uncertainty (e.g., hypotheses of the game and climate tipping points).
The fact that economic activities and demand are limited by biophysical constraints.
The application of the complex systems approach in the game allows the participants to comprehend the main dynamics of the global energy-economy-climate system through identifying feedback processes, accumulation and inertia mechanisms, time delays and nonlinearities. Some of the counter-intuitive results which attracted the attention of the players on which the game sheds light on were:
• Why the policy targets have not been reached? (interaction of the aforementioned time scarcity with biophysical constraints such as climate change impacts and availability of energy resources); • How is it possible that while emissions are decreasing temperature still increases? (dynamics of accumulation of carbon in the atmosphere, inertias); •
A new set of technologies will emerge in a few years and solve all problems (aforementioned dynamics of delays and inertias for new technologies); • Why a faster growth of renewables implies a lower efficiency of the system? (feedback of the EROI of the system, lower net energy available to the society); • Why if the temperature increase reached in this simulation is lower than the previous one, now we have surpassed a climate tipping point and not before? (probabilistic assessment, "low" probability catastrophic phenomena); • It is impossible to find a scenario without collapse in this game! (wrong, the participants were not able to identify the actual leverage points of the system).
Capacity to Bridge the Gap Between Science and Society
The aforementioned insights attained by the participants of the game are central to current scientific research but most remain outside the public realm. Hence, the game has a significant capacity to bridge the gap between science and society. The game allows the players to discuss paradigmatic concepts which underline the functioning of our society, but are rarely publicly discussed, such as technological change or economic growth. For example, although the term "economic growth" was familiar to most participants, the game revealed that a significant number was not aware of its meaning (paradoxically even among those who were in favor of selecting a policy of economic growth in alternative scenarios). The game also brought to scene scientific discussions such as the relationship between economic growth and environmental impacts [68] [69] [70] .
The game also stimulated conversations on the role of technology in contributing to solutions. A number of participants were initially skeptical about the results obtained in the simulations arguing that future new technologies would allow for high energy supply with low environmental costs. However, with the chosen analysis time frame (set for the mid-century 2050-80), decarbonization is required as soon as possible and thus, relies on existing technologies since new technological developments require substantial amounts of time to reach a significant share of the market. For example, the solar PV technology has been growing at annual global rates of over 50% since 1995 and, nowadays, it barely surpasses 1% of world electricity generation [71] . Past energy transitions have been shown to be rather slow [72, 73] . Hence, in the horizon to the mid-century, the effect of potential novel technologies is greatly reduced. The sense of time scarcity was also a key element in the discussions leading to the proposal of consistent alternative scenarios. The game also allowed the reproduction of more common public debates, such as the nuclear vs renewable energies controversy. When these conversations emerged, the facilitators would remind participants that electricity represents just a share of the total energy consumed in industrial countries, making up between 20% and 25% [74] .
The game platform creates a gradual introduction to complex scientific phenomena such as the increasing probability of surpassing a climate tipping point in the next decades. These points, subject to large uncertainties and scientific knowledge gaps, are "low" probability ("surprise") catastrophic phenomena [6] . Hence, deep uncertainty, aversion to risk, climate and Earth science were introduced in the discussions.
Additionally, the performance of the game allows to bring closer policytargets such as the reduction of domestic emissions in the EU by 80% by 2050 compared to 1990 [66] , or the most recent climate neutral Europe 2050 long-term strategy [75] . Overall, the successful application of the game is aligned with previous research which showed that simpler education technologies tend to score lower because of lower levels of engagement with inquiry processes and not actually resembling the work of scientists [76] .
Promote Discussion on Social Choices
The discussion around the selection of the well-being target (proxied by final energy use per capita) allowed the large energy and material base of well-being in current industrialized societies to be discussed, confronting the large current inequality levels globally [77] [78] [79] . Its comparison with past societies with different socio-metabolic regimes, as well as with current human groups with radically different cultural values (e.g., those not aligned with consumerism such as Sieben Linden eco-village), allowed the cultural, social and ethical factors associated with human well-being to be highlighted [80, 81] . The selection of the maximum global average temperature change, in combination with the information of potential climate tipping points, revealed different levels of aversion to risk from different participants, and consensus within each group was not always easy to attain. These discussions were new for many participants.
The simulation of successive alternative scenarios allowed the participants, through a process of trial-and-error, to identify the main drivers of unsustainability and, especially, to detect the high sensitivity of the outputs to the desired levels of future GDP per capita (economic growth). During game play, population size was often identified as an important driver bringing important ethical questions such as perceptions of freedom. The role of the facilitators in this point was key to explain that increases in affluence (typically measured in terms of GDPpc or (monetary) consumption per capita) are currently the main driver of environmental impacts globally [82] [83] [84] [85] [86] , while other factors such as population growth and technology improvements have had to date less importance. Hence, during the game, often ethical choices related to sharing vs co-opting resources had to be explicitly taken. This is also related with the debate on which policy strategy is more appropriate to reduce inequalities: distribution vs economic growth. This is in contrast to daily life, when decisions which have (in)equality implications are often taken rather unconsciously. This led to some teams to develop (Degrowth [40] ) scenarios where the end of inequality at a global level imply a reduction in material use of the richest countries in order to allow for the poorest to reach the basic standards of living. However, other teams took alternative approaches and tested extreme scenarios such as eco-fascist policies (e.g., drastic reduction of population <2000 million people by 2050) [87] .
As any model, MEDEAS-World is a simplified representation of reality. Therefore, assumptions are made, some features are not considered and there are uncertainties about the values of the parameters. Particularly, demand-management/behavioral choices are almost absent; which is, by the way, a widespread limitation in the integrated assessment modelling field (see for example van Sluisveld et al., [88] ), given the complexities of modelling these options. This is also related to the limits of "deterministic modelling" to project the evolution of variables in contexts which are very different from the starting point [89] . In this sense, the phases of assembly, debriefing and conclusions allow to have discussions "beyond the model", i.e., once the main conclusions had been extracted from the participative simulation, an active debate took place to identify the main behavioral, cultural and social changes which would be required in order to achieve sustainability in addition to technological ones. The following were identified: diet shifts, personal development, strong promotion of education, reduce working time, de-automate processes, redistribute wealth to live in more equitable societies, reduce mobility and shift to public transport, etc.
Finally, it should be highlighted that the pedagogical capacity of the game is enhanced by the flexibility of the game, which can be adapted to different contexts and types of participants (see next Section 3.2). For example, depending on the expertise level of the issues at stake, the game can be used as a tool to explain basic concepts and highlight the main human-Earth dynamics, but in those groups with a higher level of expertise, the game allows greater depth to be reached in the causes and alternative pathways to unsustainability.
Reflections on the Game and Further Improvements
With relation to game design, the participative method allows players to improve their knowledge by getting information from peers instead of traditional top-down, expert teaching. Peer learning allows a more individualized learning, peer teachers reinforce their own learning by instructing others, and students feel more comfortable and open when interacting with a peer [90] .
Facilitators in Global Sustainability Crossroads require a basic understanding of the underlying MEDEAS-W model as well as moderating and teaching abilities. Depending on the level of the "participative culture" of the players, the role of the facilitator varies from discrete (e.g., only being consulted for clarification on the rules of the game or technical aspects of the model), to very active in order to balance participation. Their role is also key to effectively communicating the dangers of climate change to the participants, depending on their specific sensitivities (e.g., [91, 92] ), as well as redirecting eventual frustration and/or irritation when a team is not able to reach the self-stated objectives, so as to avoid despair and/or resignation, which are exactly the opposite of the pursued objectives of the game.
Among the different options given to participants during the game, hypotheses are the most complex to select, given the partially irreducible uncertainties in relation to the availability of fossil fuels in the future (e.g., [93] ) or future climate change impacts (e.g., [94] ).
There are trade-offs between the diversity of options to be selected by participants to run each simulation and the available time (i.e., more hypotheses and/or more measures would require more playing time). The current version of the game to be performed in 1 session of~4h has been found to be a fair and consistent equilibrium between both. However, when the possibility arises of running the game in different sessions, more diversity of options could improve the players' understanding (e.g., aforementioned 5-session game applied in the classroom).
In relation to the comparison of different game versions, the group dynamic has broadly been found more effective than the assembly one. Groups composed of smaller number of participants (max 6-8 persons) generally lead to a richer and more diverse participation, which improved learning as well as reaching consensus for scenario inputs. The assembly version leads to a lower rate of participation (no interaction of "shy" players), without consensus for each option, given the complexities at stake and time constraints. The combination of voted measures may result in a "Frankenstein" scenario, which may not be felt by each individual participant as "his/her" scenario. In any case, this is the only option for big groups, when time availability is limited, or when the number of available facilitators is too reduced to perform the version with small groups. Another option would be an individual version of the game, which has only been performed internally within the developer research group. This version would allow the participants to directly test their personal scenarios, although the peer learning and discussion would be missing, together with a risk of a lack of reflection before performing each simulation.
The developer team received important and valuable feedback from participants, which allowed them to improve the dynamic of the game (e.g., idea to run a BAU scenario first on top of which to build the alternative scenario (different perceptions of what BAU trends are between different participants); expand the available options, etc.). Feedback has also proved to be important in helping to select priorities in the model development (inequalities, education, ethics, moral principles, etc.), reminding modellers, typically coming from a technical background, that energy is never just technological in any strict or narrow sense of the word, and is embedded in a wider system of science and technology dependent on social values, ethics and choices [80, 81] .
The following features may be incorporated in further developments of the game in order to improve the pedagogical capacity of the game:
•
Introduce flexibility in the game in order to allow the players to check/modify decisions during each simulation. • Downscaling of environmental impacts, socio-economic implications and potential solutions to country-level would help to bring the issues at stake closer to the players. This could be facilitated by developing game versions based on regional (EU) or country MEDEAS models [95, 96] . • Improve the socio-affective dimension of the dynamic. The simulations often show results which challenge the participants' earlier notions of how future may evolve. Hence, the game can generate conflicts (cognitive, values, etc.), both at personal and interpersonal level. Strategies for the proper management of these differences by the facilitators should be refined in order to channel them towards new cognitive syntheses leading to change and transformation processes [97] . • MEDEAS-World is a model under development: regularly update the game. Important dimensions are still not included in the game, such as the social (e.g., well-being and inequality).
Apply participatory multi-criteria analysis to help participants to select the most favorable set of policies/attain objectives, dealing with the trade-offs in the transition to sustainability due to the incommensurability of the different dimensions of which it is made up: environmental (e.g., climate mitigation, land-use, and water), economic (monetary investments, welfare, etc.), social (e.g., inequality and gender) (e.g., [98] ).
The developer team is open to perform the game upon invitation (as advertised in the group's website http://geeds.eu/). In the future, it is planned to make available the materials (interface, forms, etc.), together with additional documentation such as tutorials for facilitators and basic description of the underlying model, developing appropriate educative materials, so any person interested may independently perform and adapt the game to his/her purposes. The training of facilitators is critical given that research has shown that misconceptions and misunderstandings about many environmental issues, climate change included, are not only held by pupils but by teachers [19, 99] . This would also allow the inclusion of the game in teaching programs.
Conclusions
The origin of this work stems from the state-of the-art environmental integrated assessment model MEDEAS [36] , which was at first developed to provide policy-guidance within the UE. However, the model developer team soon perceived the potential of applying the model also as a pedagogical tool. This work describes and qualitatively evaluates the pedagogical potential of the developed participatory simulation game Global Sustainability Crossroads, whose main objective is to improve the comprehension of the global sustainability conundrum to citizens, especially focusing on climate change and the potential alternatives available in the next few decades to reverse current trends. The novelty of the game rests on the global scope and the representation of the drivers of anthropogenic emissions within the MEDEAS-World model, combined with a participatory simulation group dynamic flexible enough to be adapted to a diversity of contexts and participants. A specific game interface has been developed to facilitate the use of the model by non-experts. The underlying model has been developed using System Dynamics, a methodology which has proved to be particularly well adapted to understand and address the multiple and interlinked factors involved in the sustainability crisis.
The game creates a virtual scenario where the participants are confronted with the design of climate mitigation strategies as well as the social, economic and environmental consequences of decisions at global level. Through the game, the participants discover soon the complexity of the problem and the difficulties to reach ideal solutions. In turn, these barriers motivate them in the search for alternative solutions. Plenary debates following simulations allow to connect global outcomes with the required local and personal behavior changes in relation to consumption choices and political participation. In this sense, the game follows the "think global, act local" ecologist motto to address environmental problems. The performance of 13 game workshops with~420 players in a diversity of contexts and heterogeneous types of participants has shown it has a significant pedagogical potential: the game is able to generate discussions on crucial topics which are usually outside the public realm such as the relationship between economic growth and sustainability, the role of technology, how human desires are limited by biophysical constraints or the possibility of climate tipping points. Hence, the developed game allows the gap between scientific research and society to be bridged.
Up to now, a rigorous evaluation of the pedagogical efficacy of the game has not been performed, although the feedback from participants as well as the perception of teachers and facilitators indicates that it is substantial. Ongoing work is currently focused into the quantitative evaluation of the performance of the game with the final stable version of the game. Further work may focus on the downscaling of impacts potential solutions, which would contribute to improve the socio-affective dimension of the dynamic.
Appendix A. Modelling Framework of MEDEAS-World Model
MEDEAS-World (MEDEAS-W) is a global, one-region energy-economy-environment model (or integrated assessment model). It is a policy-simulation dynamic-recursive model which has been designed applying System Dynamics which facilitates the integration of knowledge from different perspectives and disciplines as well as the feedbacks from different subsystems. The model has been developed in Vensim DSS software for Windows Version 6.4E (x32), and is also available in Python open-source code (http://www.medeas.eu/, The model typically runs from 1995 to 2050 (although the simulation horizon may be extended to 2100 if necessary, e.g., when focusing on climate change issues). MEDEAS-W is structured in seven main sub-modules: Economy, Energy, Infrastructures, Materials, Land Use, Social and Environmental Impact Indicators, and Climate Change (see Figure A1 ). The main variables connecting the different modules are represented by arrows. The main characteristics of each module are:
• Economy and population: the global economy in MEDEAS is modelled assuming non-clearing markets (i.e., not forcing general equilibrium), demand-led growth and complementarity instead of perfect substitutability. Hence, production is determined by final demand and economic structure, combined with supply-side constraints such as energy availability. The economic structure is captured by the adaptation and dynamic integration of global WIOD input-output tables, resulting in 35 [108] ). The carbon and climate cycle is adapted from C-ROADS [109, 110] . This module includes a damage function which translates increasing climate change levels into damages for the human systems [111] . • Social and environmental impacts: this module translates the "biophysical" results of the simulations into metrics related with social and environmental impacts. The objective of this module is to contextualize the implications for human societies in terms of well-being for each simulation.
The model dynamically operates as follows. For each period: first, a sectoral economic demand is estimated from an exogenous and dynamic GDPpc objective. The final energy demand required to meet production is obtained using energy-economy hybrid input-output analysis, and combining monetary output and energy intensities by final energy sources. Second, the energy sub-module computes the net available final energy supply, which may satisfy (or not) the required demand: the economy adapts to eventual fuel scarcity. Third, materials required to build, operate, maintain, dismantle, etc., are estimated. This allows the EROI of the system to be estimated as well as eventual material bottlenecks to be assessed (although material availability does not constrain economic output in the current model version). Fourth, the climate sub-module computes the GHG emissions, whose accumulation derives in a certain level of climate change, which in turn feeds back to the economic sectoral output. Additional land and water requirements are accounted for. Finally, the social and environmental impacts are computed.
For a detailed documentation of the MEDEAS-World model, see [36] .
Appendix B. Performed Game Workshops
The game has been performed 13 times, in 2 countries (Spain and Italy), spanning a wide range of players (from 10 to 100 people) with a heterogeneous level of expertise, education and age (see Table A1 ). Depending on the number of players, available time and trained facilitators, different versions of the game were tested. In events outside the city where the research group developing the game is based, the group version was more difficult to perform due to practical reasons. The game was performed in a diversity of contexts, mostly in academic-teaching (1, 2, 4-7, 10, 11, 13) , but also within internal events of environmental non-profit organizations (3, 12) , open to civil society (8) and with sustainability business practitioners (9) . This diversity allowed a rich feedback which allowed to considerably enhance the game. 
